T he relationships between cardiovascular procedure outcomes, including acute kidney injury (AKI), chronic kidney disease (CKD) development and progression, [1] [2] [3] [4] [5] and mortality [6] [7] [8] are incompletely delineated. [9] [10] [11] [12] We sought to improve the methodological capture of periprocedural renal outcomes using integrated Veterans Affairs (VA) databases and objective laboratory information to both confirm and extend prior observations of CKD development and progression among percutaneous coronary intervention (PCI) patients and matched population controls. Recognizing that not all catheterization-associated AKI results from contrast exposure, we also propose minor nosological reform to include common language describing AKI following cardiac catheterization and PCI as cardiac catheterization-associated AKI (CCA-AKI), representing a broad category of AKI that includes contrast-induced nephropathy, as well as AKI attributable to atheroembolization, hypotension, and other causes associated with these procedures. The National Quality Forum has made CCA-AKI prevention a major patient safety objective, albeit with limited success. 13 Our understanding of the long-term patient safety consequences of PCI and CCA-AKI is incomplete, in part, because of reliance on administrative data to establish renal outcomes, inconsistent use of rigorous clinical definitions of CKD progression, and a general lack of proper controls. 3, 14, 15 However, other studies have used serum creatinine to define baseline estimated glomerular filtration rate (eGFR) and CCA-AKI. [16] [17] [18] Prior studies have examined the relationship between AKI, CKD, and death in VA populations; however, none have incorporated rigorous laboratory definitions of CKD progression or incorporated the use of matched population controls. 19, 20 Given the low sensitivity of administrative capture of CKD progression using International Classification of Diseases, 9th Revision (ICD-9) codes, 21 we sought to add to advance the field of AKI and CKD progression by evaluating renal outcomes following PCI using laboratory data and rigorous clinical definitions of CKD development and progression in a large national cohort of consecutive PCI patients and matched population controls using integrated VA databases containing longitudinal clinical and laboratory data. 22 The addition of disease-matched controls who did not undergo cardiac catheterization provides a reference group for comparison with cohorts characterized by both PCI complicated by CCA-AKI and uncomplicated PCI (ie, without CCA-AKI development). We hypothesized that CCA-AKI would be associated with CKD development and progression, increased dialysisdependent renal failure, acute myocardial infarction (AMI), and increased all-cause mortality relative to PCI patients without associated AKI, as well as population controls.
Methods Cohort
All consecutive patients undergoing PCI between 2005 and 2010 in the VA Health Care System were reported to the VA Clinical Assessment, Reporting, and Tracking System for Cardiac Catheterization Laboratories (CART-CL) program (N=35 627) with follow-up through 2011. Only the first PCI procedure was included in the analysis, resulting in 35 410 index procedures. Covariates were defined at presentation for PCI. Patients receiving dialysis or with a history of renal replacement therapy or a prior hospitalization for renal failure (578) were excluded. Patients with missing serum creatinine data were also excluded (10 427), leaving a final PCI cohort of 24 405 patients ( Figure 1 ). VA and Dartmouth institutional review boards approved the study and waived all patient consent requirements. PCI data were linked to the Corporate Data Warehouse (CDW) to determine preexisting renal disease and dialysis treatment, as well as postdischarge clinical end points (dialysis-dependent renal failure, hospitalization with a principal diagnosis of renal failure, and AMI). The Austin Information Technology Center database was also linked to provide corresponding serum creatinine laboratory results from the period extending from 1 year prior to the procedure through the end of the study period. The vital status record was similarly linked to determine associated all-cause mortality.
Population controls were abstracted from the CDW using the methods reported for the PCI cohort above. One million controls were randomly selected from CDW from 2005 through 2011. Covariates were defined at the start of the cohort period. A 4:1 matched control group consisting of VA patients not exposed to cardiac catheterization were matched to the PCI cohort using age category, diabetes mellitus, congestive heart failure, hypertension, and CKD stage. Control patients were excluded if they received a renal transplant (401), underwent dialysis (365), or were hospitalized for renal failure (36) prior to the study period, leaving 96 660 matched controls. Since not all matched covariates were balanced, we conducted a second round of matching using Coarsened Exact Matching using a 1:1 ratio resulting in perfect matches for age category, diabetes mellitus, congestive heart failure, hypertension, and CKD stage, leaving 24 405 matched controls. The date of the renal function measure in the population control patient was not matched to the PCI patient's procedure date.
CCA-Acute Kidney Injury
CCA-AKI was defined as an absolute ≥0.5 mg/dL or relative ≥25% increase from the last serum creatinine prior to PCI to the highest serum creatinine or new onset of dialysis up to 7 days post-PCI. Due to the latency period of serum creatinine elevation of 3 to 5 days post-insult, the window for ascertainment of CCA-AKI was extended to 7 days. [23] [24] [25] [26] We repeated our measure of CKD progression by conducting sensitivity analyses by defining progression only using eGFR laboratory values and thereby not allowing dialysis or hospitalization for renal failure to qualify CKD progression alone.
Cardiovascular Events and Mortality
Time to dialysis was defined from the date of PCI to the date of the first use of any dialysis. AMI was defined by hospitalization discharge diagnoses. Time to death was defined from the date of PCI to the date of death recorded in the vital status record. Censoring was determined through 2011 for PCI patients and controls.
Covariates
All covariates were recorded from the CART-CL registry for PCI patients and from ICD-9 codes from population controls. Tables 1 and 2 list the covariates captured for both PCI patients and population controls. Table 2 lists the perioperative procedural covariates collected on PCI patients alone.
Statistical Analysis
Standard statistical methods were used to compare baseline univariate associations across all 3 groups (PCI complicated by CCA-AKI, uncomplicated PCI, and controls) using chi-square tests and ANOVA. We conducted Kaplan-Meier time-to-event analysis with a log-rank test and Cox's proportional hazards modeling for any CKD progression, incident CKD development, progression in patients with prevalent CKD, dialysis initiation, AMI, and all-cause mortality. To examine the association between CCA-AKI-complicated and -uncomplicated PCI and major outcomes relative to controls, indicator variables for uncomplicated PCI and CCA-AKI with the population control group as the referent category were included in the regression models including the listed covariates for adjustment. To account for potential confounding, all variables from Table 1 were evaluated as risk factors for adjusting the relationships between controls, uncomplicated PCI, and PCI with CCA-AKI development, with CKD progression and other clinical end points. Covariates for adjustment were identified through the development of forward and backward stepwise logistic regression models for CCA-AKI. These covariates were then used in all multivariate Cox's proportional hazard models used to estimate hazard ratios (HR) after adjusting for age, race, current smoker, diabetes mellitus, congestive heart failure, dyslipidemia on presentation, cerebrovascular disease, posttraumatic stress disorder, depression, cerebrovascular disease, history of stroke, chronic obstructive pulmonary disease, prior myocardial infarction, and baseline eGFR (mL/min per 1.73 m 2 ). For comparison between PCI patients alone (uncomplicated PCI and PCI with CCA-AKI) all risk factors in Table 2 were evaluated as risk factors for adjusting the PCI only analyses including adjusting for age, race, current smoker, diabetes mellitus, congestive heart failure, dyslipidemia on presentation, cerebrovascular disease, posttraumatic stress disorder, depression, cerebrovascular disease, history of stroke, chronic obstructive pulmonary disease, prior myocardial infarction, and baseline eGFR (mL/min per 1.73 m 2 ), New
York Heart Association class, indication of PCI procedure, status of PCI procedure (elective, urgent, emergent, salvage), and total number of diseased lesions. An alpha error of 0.05 was used to determine statistical significance. We repeated the CKD progression analysis using the Kidney Disease: Improving Global Outcomes (KDIGO) AKI staging criteria. Stata 11 (StataCorp, College Station, TX) statistical software was used for all analyses.
Results

Cohorts
A total of 48 810 patients (24 405 PCI and 24 405 matched controls) were evaluated ( Figure 1 ). Controls were well matched to PCI patients for age, diabetes mellitus, hypertension, heart failure, and baseline CKD stage. Controls were less likely to have other chronic comorbidities and differed by several comorbidities not included in the a priori matching algorithm (Table 1) .
CCA-Acute Kidney Injury
PCI patients were stratified by those developing CCA-AKI and those with uncomplicated PCI. Notably, CCA-AKI developed in 13% of the PCI cohort (N=2763). Consistent with other reports, PCI patients developing CCA-AKI were more likely to have urgent or emergent indications for intervention, exhibited greater temporal proximity to the diagnostic cardiac catheterization, and had angiographic evidence of more severe coronary disease, including the total number and length of disease lesions ( Table 2 ). The median length of follow-up for CCA-AKI patients, uncomplicated PCI, and controls was 1.69 (person-years), 1.86, and 6.0, respectively.
CKD Development or Progression
Overall incidence rates of CKD development or progression for CCA-AKI, uncomplicated PCI (ie, without CCA-AKI development), and matched controls were 28.66 (per 100 personyears), 11.15, and 6.81, respectively ( Figure 2 , Table 3 
Dialysis
Incidence rates for dialysis initiation following PCI complicated by CCA-AKI development, following uncomplicated PCI (ie, without CCA-AKI development), and in matched controls were 2.65 (per 100 person-years), 0.36, and 0.28, respectively ( Figure 2B , 
Acute Myocardial Infarction
AMI incidence rates following PCI complicated by CCA-AKI development, following uncomplicated PCI, and in matched controls were 7.57 (per 100 person-years), 4.12, and 0.23, respectively ( Figure 2C , Figure 2C ).
Mortality
The rates of all-cause death associated with CCA-AKI development, with uncomplicated PCI, and in controls were 14.93 (per 100 person-years), 5.61, and 3.23, respectively ( Figure 2D , Figure 5 ).
Discussion Summary
We provide new evidence of CKD development and progression following PCI in a national cohort of patients with matched population controls. Overall, we demonstrate that patients developing CCA-AKI after PCI are 5 times more likely Figure 2 . Kaplan-Meier time to event plots for study end points. Kaplan-Meier curves are plotted from the time of percutaneous coronary intervention (or the beginning of the study period for controls) to each study end point event and stratified by 3 groups: percutaneous coronary intervention complicated by cardiac catheterization-associated acute kidney injury (red), uncomplicated percutaneous coronary intervention (ie, without cardiac catheterization-associated acute kidney injury; blue), and matched controls (green). Plot A depicts the proportion of patients progressing to either new chronic kidney disease or a higher chronic kidney disease stage. Plot B depicts the proportion of patients undergoing a dialysis procedure with the internal plot y-axis rescaled to 0 to 0.07. Plot C depicts the proportion of patients developing a recurrent postprocedural acute myocardial infarction. Plot D depicts the proportion of all-cause patient deaths. 
CKD Progression in the Literature
Recent studies have examined the relationship between AKI and CKD in VA populations. Chawla et al constructed a prediction model for stage 4 CKD; however, this study only included patients hospitalized for AKI defined by ICD-9 codes. 19 Similarly, Thakar and colleagues examined the relationship between AKI and stage 4 CKD, measuring an HR of 3.56 (95% CI, 2.76-4.61). 20 However, the population used for the Thakar study included only diabetic patients in the VA and did not evaluate the relationship between AKI and CKD progression among patients undergoing PCI exposed to contrast dye. 20 Neither study used matched population controls.
Unlike previous retrospective investigations, we used laboratory eGFR-based rules for identifying CKD development and progression instead of discharge billing diagnoses for The Table reports on the incidence rates and adjusted hazard ratios (HRs) for chronic kidney disease (CKD) progression and cardiovascular disease longitudinal end points using time-toevent statistics and multivariate Cox's proportional hazard modeling. AMI indicates acute myocardial infarction; CCA-AKI, cardiac catheterization-associated acute kidney injury; eGFR, estimated glomerular filtration rate. *HR: adjusted HR from Cox's proportional hazards model adjusting for age, race, current smoker, diabetes mellitus, congestive heart failure, dyslipidemia on presentation, cerebrovascular disease, posttraumatic stress disorder, depression, cerebrovascular disease, history of stroke, chronic obstructive pulmonary disease, prior myocardial infarction, and baseline estimated glomerular filtration rate (eGFR; mL/min per 1.73 m 2 ), New York Heart Association class, indication of percutaneous coronary intervention (PCI) procedure, status of PCI procedure (elective, urgent, emergent, salvage), and total number of diseased lesions. laboratory values and dialysis) . KaplanMeier curves are plotted from the time of percutaneous coronary intervention (or the beginning of the study period for controls) to incident CKD events defined by laboratory values and dialysis and stratified by 3 groups: percutaneous coronary intervention complicated by cardiac catheterization-associated acute kidney injury (red), uncomplicated percutaneous coronary intervention (ie, without cardiac catheterization-associated acute kidney injury; blue), and matched controls (green). laboratory values only) . KaplanMeier curves are plotted from the time of percutaneous coronary intervention (or the beginning of the study period for controls) to incident CKD events defined by laboratory values only and stratified by 3 groups: percutaneous coronary intervention complicated by cardiac catheterization-associated acute kidney injury (red), uncomplicated percutaneous coronary intervention (ie, without cardiac catheterization-associated acute kidney injury; blue), and matched controls (green).
hospitalized patients or for dialysis initiation. We utilized an objective and clinically rigorous metric of CKD progressionnamely 2 independent eGFR values obtained at least 90 days apart-allowing for identification of CKD development or progression based primarily on laboratory, rather than administrative, data. Inclusion of a control group matched for major demographic variables and comorbidities also facilitates direct comparisons and strengthens our conclusions. Previous studies have reported an association between CCA-AKI and subsequent declines in kidney function. A retrospective study of 14 782 Canadian patients undergoing cardiac angiography found that associated AKI increased ESRD risk by 4-to 12-fold and increased risk of hospitalization for renal failure by 2-to 5-fold. 3 In a similar cohort of 3986
Italian patients 19% of patients developing AKI had persistent renal dysfunction at 3 months, compared with only 0.9% of patients without associated AKI. 4 Hospitalized veterans discharged with AKI (identified using hospital billing data) have also been shown to be at increased risk of adverse events including death, dialysis, and worsening renal function (defined as a 25% decrease in eGFR). 1 Our research significantly advances our understanding of CKD progression in several ways. First, we report on CCA-AKI development and CKD progression in a large population cohort in the United States capturing 100% of all PCI procedures performed across 70 VA medical centers nationwide between 2005 and 2010. Second, we included matched population controls from the underlying population. Finally, we used laboratory values to define CKD progression instead of administrative billing codes. 21 Our study shows that CCA-AKI development following PCI increases the risk for CKD progression, dialysis initiation, AMI, and death compared with patients without CCA-AKI. We also show that these risks are increased in PCI patients, even in the absence of overt CCA-AKI. We recently reported that CCA-AKI can be prevented in 1 of 5 PCI patients through improvement efforts, 28 ,29 yet the current evidence base has not yet established whether CCA-AKI prevention can, in fact, prevent CKD development or progression. As such, the precise roles of aggressive prophylactic efforts in CCA-AKI prevention and mitigation of CKD development and progression remain to be established.
Pathophysiology of CCA-AKI and CKD Progression
There are a number of potential explanations for CKD development and progression following CCA-AKI. Renal damage can result from either direct toxicity of the contrast medium or from renal hemodynamic changes associated with its use. [30] [31] [32] Increased complement activation and a combination of both unopposed secondary vasoconstriction and tubular obstructive changes that serve to increase epithelial contrast exposure have also been implicated. [33] [34] [35] Although initially considered fully reversible, recent evidence has suggested that these events may promote progression in the longer term. 1, 6, 36 Interestingly, in the Coronary Artery Bypass Surgery Off-or On-Pump Revascularization Study (CORONARY), 2 reduced AKI risk within 30 days of coronary artery bypass surgery performed off-pump was not associated with better preservation of kidney function at 1 year. 2 As such, in addition to the causal explanations above, it is possible that CCA-AKI identifies patients at high risk for progression. We attempt to address this in our analyses through matching and multivariable adjustment, but residual and unmeasured confounding remain possible. PCI was associated with accelerated CKD progression relative to matched population controls, even in the absence of overt CCA-AKI. This does not, however, exclude a causal role for contrast administration. In principle, subclinical contrast-associated injury below conventional detection thresholds could directly contribute to both CKD progression and other adverse outcomes. Although speculative, associated hemodynamic changes and atheroembolization have also been implicated as causal contributors to CCA-AKI. [37] [38] [39] It is also possible that cardiac catheterization selects for vasculopathic patients prone to CKD progression independent of intervention. 40, 41 Despite matching and multivariable analyses, residual or unmeasured confounding also remains possible. 
Limitations
Several potential limitations warrant consideration. This was a retrospective study and the associations we found between AKI and progression of CKD and other longitudinal events may have been biased as a result of missing data in relevant confounders. 42 However, we captured patient comorbidities, laboratory values, cardiac anatomy and disease severity, and posthospitalization events related to organ injury and organ failure from comprehensive databases within the VA to minimize measurement bias. We also did not prospectively or directly measure GFR nor did we determine whether all patients used VA services for all laboratory test or dialysis services. Nonetheless, we believe the use of 2 independent creatinine-based eGFR calculations obtained at least 90 days apart represents a robust and rigorous method of monitoring CKD development and progression. By definition, CKD progression determined by this method cannot be assessed prior to 3 months. As such, the first phase of the multiphasic curve in Figure 2A can be fully accounted for by acute hospitalizations for kidney failure or initiation of dialysis.
Neither of these end points fully excludes the inclusion of cases of severe reversible AKI, although these numbers are expected to be low and the exclusion of nonlaboratory CKD end point data did not fundamentally change either the shapes or relationships between curves (Figures 3 and 4) . We also recognize that death may function as a competing risk for CKD progression; however, Figures 3 and 4 suggest that the progression of CKD appears to be driven by the change in renal function and not primarily by clinical end points. In addition, our principal aim was to identify incremental changes in CKD stage, and we did not focus on eGFR as a continuous variable either within or across individual CKD stages. As such, our analysis may underestimate the full impact on CKD progression. We also did not match individual patients in the population cohort to individual PCI patients to a renal function measure at the same time of the PCI patient's procedure. Progression of CKD in the controls was between 2005 and 2010, whereas progression of CKD in the PCI procedure started at the time of the PCI procedure. Second, we did not take albuminuria into account in classifying CKD, 27 as this information was not routinely available for analysis. The associated inability to distinguish normal kidney function from CKD stages 1 and 2 for patients with eGFR ≥60 mL/min per 1.73 m 2 thus limited analysis of CKD development and progression to creatinine-based eGFR groupings alone. Third, we randomly selected over 1 million patients from the general veteran population. From this sample, we used a matching algorithm to match for age, diabetes mellitus, hypertension, heart failure, and baseline CKD stage. Patients were well matched for each of these comorbidities or conditions, although additional comorbidities not included in the a priori cardiovascular matching algorithm were found to differ in the PCI cohort compared with controls (Table 1) . These unanticipated differences notwithstanding, both PCI patients and controls did not differ according to the 5 most important factors selected for a priori matching. Multivariable analyses were conducted to account for remaining differences in matched population controls and in patients both with and without CCA-AKI. We did not link our VA cohorts to Medicare or State-all payer claims as our data use agreement did not allow for these linkages to determine whether all veterans in our PCI and population cohort were routine users of the VA health system. Therefore, we may underestimate the true incidence of our longitudinal end points including hospitalizations, procedures such as dialysis, and laboratory measures. Future investigations should track healthcare services by participants in the VA and outside the VA. We lost a portion of our PCI cohort because of missing serum creatinine laboratory measures from CART-CL and Austin; the selection bias in missing renal function through these data sources is not fully understood. Lastly, the generalizability of our findings are limited for several reasons: (1) the study population consisted of VA patients only, which can underrepresent women and minorities; (2) the definition of AKI that we used does not match the more contemporary KDIGO definition; and (3) our AKI definition includes more than just contrast nephropathy. In AKI definition sensitivity analyses, we obtained similar results with the KDIGO AKI definition in the association between AKI and CKD progression and other end points.
Conclusions
Our results suggest that CCA-AKI developing after PCI is associated with significantly increased risk of CKD progression, AMI, and all-cause death when compared with uncomplicated PCI and matched population controls. However, it is likely that this increased risk of AMI is related to underlying differences in risk between the PCI group and the controls. Consistent with previous reports, these risks were most marked in the subset of patients developing clinically evident CCA-AKI. CCA-AKI was also associated with a markedly increased risk of dialysis initiation following AKI development. Our findings suggest a need to identify and better understand these factors and their contributions, as well as the need to review the risk calculus associated with these procedures. We recommend further investigations to identify both system improvements and novel therapeutic targets to prevent CCA-AKI and to reduce CKD progression and associated morbidity and mortality following PCI.
